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In this study, we used photo electron emission microscopy (PEEM) to investigate the growth of
α-sexithiophene (α-6T) on Ag(111) surfaces. The experiments were carried out with linearly polarized
ultraviolet-light (Hg lamp with hν¼4.9 eV) in order to probe the alignment of the molecules on the
surface. In particular, we acquired images before, during, and after growth while changing the polar-
ization in a stepwise manner. For the stationary states of the clean and the α-6T covered surfaces, we
monitored the local electron yield and the intensity of the ultraviolet C-light (100–280 nm) reﬂected
from the whole sample using PEEM and a photodiode, respectively. Due to the high ionization potential
IP 5 eV( > ), there is no direct photoelectron emission from the organic crystallites. However, the pho-
toelectron emission of the metal/organic interface is inﬂuenced by anisotropic absorption of the incident
light beam, since the adsorbed molecules act as dichroic ﬁlters with distinct orientations.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Photo electron emission microscopy (PEEM) is a versatile tool
for studying dynamic processes such as growth and phase tran-
sition on surfaces [1]. The principle of PEEM is based on the
photoelectric effect. A bright light source irradiates the sample; if
the photon energy is greater than the work function ϕ (for me-
tals) – or, more generally, greater than the ionization potential IP
– photoelectrons can be emitted from the sample. The actual
emission barrier is determined by the density of states at the
surface and close to the Fermi energy Ef. By deposition of organic
molecules, this barrier can be modiﬁed even on a local scale.
Therefore, the lateral variation of the electron yield during de-
position of ultrathin organic ﬁlms can be used as a ﬁngerprint to
monitor the formation of wetting layers and crystalline struc-
tures [2–5].
The properties of the interface between organic layer and metal
surface are crucial both for charge injection and charge transport.
Thus, the interface is of particular relevance to the performance of
organic thin-ﬁlm devices [6–8]. For instance, it was found that the
arrangement of the organic layer on the surface of a metallicB.V. This is an open access article u
ner),
eld@jku.at (P. Zeppenfeld).substrate has a strong impact on the energy level alignment at the
organic/metal interface [9].
Usually, organic molecules deposited on a well-prepared sin-
gle-crystalline surface exhibit only a few epitaxial orientations
imposed by the symmetry of the substrate surface. As elongated
organic molecules are optically anisotropic, their orientation with
respect to the symmetry axes of the substrate can be inferred from
the azimuthal dependence of the absorbance or reﬂectance [10]. In
this paper, we will demonstrate that insights into the anisotropic
distribution of the molecules on the surface can be gained even if
they do not emit photoelectrons themselves but modify the light
transmitted to the metal/organic interface.
α-sexithiophene (α-6T) is a prototype π-conjugated molecule
which consists of six thiophene units along its molecular axis, as
shown in Fig. 1. The molecular packing in the bulk α-6T favors a
strong π–πn overlap between the molecular layers.
Adsorption and molecular orientation of α-6T on Ag(111) sur-
face were studied by Yoshikawa et al. [11]. They showed that the
α-6T molecules are azimuthally aligned on the Ag(111) surface,
exhibiting a sixfold symmetry in the surface plane. The authors
also reported an in-plane orientation of the molecular axis along
the 110¯ directions. Concerning the out-of-plane orientation,
Yoshikawa et al. found that the inclination of the long axes of the
molecules and the twist angle of the molecular planes with re-
spect to the substrates surface are at most 10° and 30°, respec-
tively. Due to the interaction of the α-6T molecules with the silvernder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 2. Schematic drawing of the optical setup at the PEEM: (1) Hg lamp, (2) colli-
mating lens, (3) rotatable polarizer, (4) view port, (5) in vacuo focusing lens,
(6) PEEM column, (7) sample, (8) ultra high vacuum vessel, (9) view port, (10) off
axis parabolic mirror, and (11) UVC photodiode.
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Fig. 1. Structural formula of α-6T.
T. Wagner et al. / Ultramicroscopy 159 (2015) 464–469 465atoms of the surface, the crystalline structure of the ultrathin ﬁlms
is expected to differ from the bulk phase, in which α-6T molecules
are stacked in a herringbone pattern [12].
In the present work, we studied the deposition of α-6T on Ag
(111) single-crystal surfaces. PEEM with linearly polarized UV light
was used to monitor the growth in real time and, afterwards, to
take detailed images of the structures. We show that the photo-
electron yield from molecular crystallites on the surface and from
the wetting layer are clearly polarization-dependent. This result
can be interpreted in terms of the azimuthal alignment of the
molecules, which act as polarization ﬁlters.200 300 400 500 600 700 800 900 1000
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Fig. 3. Emission spectrum of the Hg lamp and sensitivity curve of the photodiode.
The green overlay marks all photons which can excite photoelectrons based on the
lowest experimental work function for Ag(111) reported in Ref. [16]. (For inter-
pretation of the references to color in this ﬁgure caption, the reader is referred to
the web version of this paper.)2. Experimental
The experiments were carried out in a UHV system with a base
pressure of 51010 mbar. To clean the Ag(111) single-crystal,
repeated cycles of Arþ ion sputtering (900 V, 3.8 A/cm2μ ) and
annealing (660 K for 5 min) were performed. The commercially
available α-6T was puriﬁed by gradient sublimation and then
thermally evaporated from a quartz-crucible during PEEM opera-
tion. To maintain a constant deposition rate, we used a PID con-
troller to regulate the temperature of the crucible. As pointed out
by Moser et al., the deposition rate can inﬂuence the crystal-
lographic phases of α-6T thin ﬁlms [13].
The PEEM (Focus GmbH) was operated with a mercury arc
discharge lamp that generates photons with energies up to 4.9 eV
(253 nm). The light was polarized using a rotatable calcite Glan–
Thomson prism (B. Halle GmbH). The angle of the incident light
beam with respect to the surface normal was about 65°, which is
close to Brewster angle of 62° for 4.9 eV photons reﬂected from the
silver surface. The PEEM was equipped with an integrated sample
stage allowing a lateral resolution of about 50 nm. Due to the pixel
resolution of the scientiﬁc grade CMOS camera (Andor Neo), the
actual lateral resolution in the recorded images is lower
(E150 nm) for a ﬁeld of view of 150 mμ . A double micro-channel
plate was used to achieve a good signal-to-noise ratio for an ex-
posure time of 700 ms. During evaporation, sequences of images
were obtained typically at a rate of one frame per second. The
image sequences were post-processed using the free ImageJ soft-
ware (Fiji distribution), which allows regions of interest (ROIs) to
be selected from any desired location on the surface in order to
study the local electron yield as a function of time (PEEM tran-
sients) [14,15].
In addition, the experimental setup (see Fig. 2) also allows mon-
itoring the light reﬂected from the sample. To this end, a UVC pho-
todiode (SGlux SG01-L-UVC-18) was mounted on a view port opposite
the Hg lamp. For easier adjustment and to increase the signal, the light
was focused via a parabolic mirror onto the photodiode. The photo-
diode has its highest sensitivity at about 4.6 eV (270 nm), which is
perfectly suited to detecting selectively the light from the strong
emission line at 4.9 eV (253 nm) of the Hg lamp (see Fig. 3).3. Results and discussion
Before carrying out deposition experiments, we characterized the
substrate surface. For this purpose, the PEEM signal and the intensity
of the reﬂected light were recorded simultaneously, while the po-
larizer was rotated in steps of 1°. Both the electron yield integrated
over the entire ﬁeld of view and the intensity of the reﬂected light
are shown in Fig. 4. The variation of the signal from the photodiode
with the polarizer angle φ can be described by
I I I sin . 1PD O A
2( )φ φ( ) = + · ( )
Here, IO is an offset value and IA the amplitude of the sinusoidally
modulated photo current IPD. Of course, Eq. (1) is only exact if the
incident light impinging on the rotating polarizer is totally
unpolarized. We assume that this is the case for the employed
Hg lamp (arc discharge type with a focusing mirror behind and a
collimating lens in front of the bulb).
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Fig. 4. Photoelectron emission yield (upper panels) and optical reﬂectance (lower
panels) as a function of the polarization before and after the growth of α-6T on a Ag
(111) surface. The polarizer angle φ was varied in steps of 1°. The electron yield was
normalized to the maximum of the electron yield as a function of the rotation angle
φ of the polarizer before growth for comparison of the relative electron yield before
and after growth. The same was done independently for the photocurrent.
T. Wagner et al. / Ultramicroscopy 159 (2015) 464–469466As light waves are transverse, proper description of the polar-
ization state requires at least the projected amplitudes of the
electric ﬁeld vector on two orthogonal axes and the phase be-
tween these two ﬁeld components. As is common practice, we
chose s- and p-polarized light as the two orthogonal linearly po-
larized states. Hence, the electric ﬁeld was either orthogonal to the
plane of incidence (s-polarization) or parallel to this plane (p-po-
larization). According to the Fresnel equations, the intensity of the
reﬂected light for s-polarization Is is in general higher than the
reﬂected intensity Ip for p-polarized light.
We further deﬁne a normalized measure of the polarization
anisotropy of the reﬂected light:
⎡
⎣⎢
⎤
⎦⎥AI
I I
I I
0, 1 ,
2
PD
max min
max min
= −
+
∈
( )
where Imax and Imin denote the maximum and the minimum of the
reﬂected intensity as a function of the polarization angle φ. Using
Eq. (1), the reﬂectance anisotropy can be rewritten as
AI
I
I I2
.
3PD
A
O A
=
· + ( )
For the clean Ag(111) surface, a value of AI 0.66PD = was ob-
tained from the experimental data. Assuming that the Ag(111)
surface is optically isotropic, the Fresnel equations predict a po-
larization anisotropy of AI R R R R/ 0.62s p s p( ) ( )= − + = . In detail,
we used the following parameters as input: photon energy
hν¼4.9 eV (λ¼253 nm), angle of incidence (and reﬂection)
θ¼65°, and complex refractive index n 1.33 1.39i˜ = + [17,18]. The
predicted reﬂectivities are therefore Rs¼0.59 for s-polarized light
and Rp¼0.14 for p-polarized light.
The conservation of energy impliesR A T1 , 4= + + ( )
where R is the reﬂectivity as previously discussed; A and T de-
scribe the fractions of light which are absorbed and transmitted,
respectively. As in our experiment no light was transmitted
through the silver substrate (2 mm thick), we can set T¼0. In other
words, the incident light is either reﬂected from the surface and
then detected by the photodiode, or absorbed by the silver sub-
strate. From Eqs. (1) and (4) follows for the absorbance A that
A R R R1 cos . 5O A A
2( )φ φ( ) = − − + · ( ) ( )
Most photons are absorbed by exciting electrons into unoccupied
states above the Fermi level. Only a small fraction of themwill lead
to the actual emission of an electron into the vacuum. Never-
theless, we ﬁnd that the relation between electron yield EY and
polarization angle φ can be well described by an expression si-
milar to Eq. (5):
EY EY EY cos 6O A
2
0( ) ( )φ φ φ= + · + ( )
with 00φ ≈ . We emphasize that for a quantitative interpretation of
the parameters EYO, EYA, and φ0, the cross-section for photoelec-
tron excitation and the particular selection rules of the photo-
electron emission process must be taken into account [19]. As an
example, Fig. 4 shows the cos2 behavior, i.e., a variation of the
electron yield EY with a phase shift of 90° with respect to the
photocurrent IPD of the photodiode.
In analogy to Eqs. (2) and (3), we can deﬁne the anisotropy of
the electron yield (AEY) as
AEY
EY EY
EY EY
EY
EY EY2
.
7
max min
max min
A
O A
= −
+
=
· + ( )
Note that the maximum electron yield generally occurs for p-po-
larized light, whereas the maximum reﬂectance is achieved with
s-polarized light.
From Fig. 4 we obtain a value AEY¼0.91 for the anisotropy of the
electron yield. This value is much higher than that measured for the
optical anisotropy of the reﬂected light, AI 0.66PD = (see Eqs. (2) and
(3)), or the one predicted by the Fresnel equations for the anisotropy
of the absorbance, AA R R R R/ 2 0.35s p s p( ) ( )= − − − = (using Eq. (5)
with R R1 0.59s O= − = and R R R1 0.14p O A= − − = ). Due to strict
dipole selection rules for photoelectron emission, one might even
expect a value of 1 [19,20], although defects on the surface that in-
troduce additional scattering mechanisms will tend to lower this
value [21]. Conversely, the actual value of AEY could serve as a
measure of the cleanliness (and structural integrity) of the Ag(111)
substrate.
While α-6T was being deposited, we took PEEM images with s-
and p-polarized incident light. In this case, the polarization angle
was switched periodically between 0φ = ° (p), 90° (s), 180° (p), and
270° (s). The upper-left panel of Fig. 5 shows separately the mean
values of the electron yield for the images recorded with s- and
with p-polarization and additionally in the background the his-
togram of the images as a false-color representation. In other
words, the colored shadows around the solid lines indicate the
distribution of the electron yield across the ﬁeld of view at each
point in time.
After opening the shutter, the intensity ﬁrst increases uni-
formly across the entire ﬁeld of view 150 m( ≈ μ ) up to a max-
imum at the completion of the monolayer. Then the electron yield
decreases again, until nucleation of 3D crystallites sets in. From
this point on, the wetting layer exhibits a constant emission,
whereas a sudden decay of the emission yield is observed for the
areas covered by α-6T crystallites. Shape and size of these crys-
tallites strongly depend on the sample temperature, but the
overall evolution of the PEEM intensities is very similar for
Fig. 5. Left panel: Transients of the PEEM intensities EYp and EYs for illumination
with s- and p-polarized light as well as the resulting anisotropy of the electron
yield (AEY) calculated by Eq. (7). The data were obtained during the deposition of α-
6T on a Ag(111) surface at 331 K. (a)–(d) Selected PEEM images from this experi-
ment for s- and p-polarization are shown on the right. The corresponding de-
position times are indicated by the arrows in the panel on the left. The colored
shadows (in green, red, and black) around the solid lines in the left diagram in-
dicate the distribution of the electron yield across the ﬁeld of view at each point in
time. Each column thus shows a histogram of an individual image in a false color
representation. (For interpretation of the references to color in this ﬁgure caption,
the reader is referred to the web version of this paper.)
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Wetting layer and crystallites can be distinguished by their
different electron yields in the PEEM images. This can be explained
by considering the three most important factors determining the
local electron yield: (i) the work function ϕ of the substrate
( 4.46 4.75 eVϕ ≈ – for Ag (111) [16], (ii) the ionization potential IP of
the molecule (IP 5.9 eV≈ for α-6T) [22], and (iii) the maximum
photon energy hνmax delivered by the source (mercury lamp with
h 4.9 eVmaxν ≈ ). In the present case, the energy of the photons was
not sufﬁcient to overcome the ionization potential of the mole-
cules. Therefore, photoelectrons could be generated only in the
metallic substrate. Upon deposition of α-6T on the silver substrate,
the photoelectrons generated in the silver become attenuated as
they must pass through the organic layer. Since the mean free path
of the photoelectrons excited by the Hg lamp is estimated to be as
short as 1.5 nm, the electron emission is already strongly atte-
nuated by the adsorption of a couple of layers [23]. The 3D crys-
tallites are higher than the wetting layer, and the attenuation is
therefore stronger for the crystallites than for the wetting layer.
This explains the sharp contrast of the PEEM images after nu-
cleation (see, e.g., Fig. 5(d)).
In this simpliﬁed analysis, the initial increase in electron yield
during completion of the ﬁrst layer is unexpected. However, the
increase in PEEM intensity can be explained by a decrease in work
function or a signiﬁcant increase in the density of states at the
Fermi level upon deposition of the organic molecules. Grobosch
and Knupfer [24] and Ivanco et al. [25] suggest the formation of a
surface dipole which lowers the emission barrier for photoelec-
trons generated at the silver surface. Assuming layer-by-layer
growth and noting that the surface dipole is generated mainly by
the ﬁrst adsorbed layer, the maximum in the transient of the
electron yield in Fig. 5 marks the completion of the ﬁrst
monolayer.A transient of the anisotropy of the electron yield (AEY) as
deﬁned by Eq. (7) is also shown in Fig. 5 (lower-left panel). In
addition to the mean value of the AEY, its distribution is plotted as
a histogram in the background. The AEY was calculated on a pixel-
by-pixel basis from consecutive images acquired with s- and
p-polarized light. Before the shutter was opened, the mean value
of the AEY was E0.91. The transient of the AEY can be divided into
several regions (separated by the dashed vertical lines in Fig. 5),
similarly as for EYp and EYs: (i) The EY rises during deposition of
the ﬁrst layer and the AEY decreases approximately linearly. (ii)
Upon deposition of the second layer, the PEEM images show dar-
ker patches (see image (b) in Fig. 5), which we associate with 2D
island formation in the second layer. As a result, the intensity
distributions of the EY and of the AEY become bimodal which
means that they indicate a transformation from one state with a
higher AEY to a state with a lower AEY. (iii) Eventually, nucleation
of 3D islands (see Fig. 5) on a wetting layer sets in, and the islands
continue to grow into large 3D crystallites (dark areas in image
(d) in Fig. 5). Again, a bimodal distribution is expected. In fact, we
measured a value of AEYE0.45 for the crystallites and AEYE 0.50
for the wetting layer in between. The transient of the AEY reveals
that the molecules lower the anisotropy of the electron yield from
the surface. The greatest change in AEY takes place upon deposi-
tion of the ﬁrst layer. This may indicate a hybridization between
the electronic states of the molecule in the ﬁrst layer and s-states
of the silver at the Fermi edge. In fact, the values for the AEY of the
wetting layer and the crystallites are close to the value predicted
from the Fresnel equations of the bare silver surface. This suggests
that, due to hybridization, the strict selection rule for the photo-
electron emission based on the parity of the silver states (see Refs.
[19,20]) is no longer valid. The contrast between crystallites and
wetting layer can be attributed with certainty to the difference in
thickness of the organic ﬁlm changing the light intensities trans-
mitted to the surface for s- and p-polarized illumination,
respectively.
To further characterize the sample after deposition of α-6T, a
polarization-dependent experiment was carried out in which the
polarizer angle φ was changed in steps of 1°. The data shown in
Fig. 4 were averaged over the whole ﬁeld of view and – therefore –
resemble the general trend during growth discussed above. As the
sample was no longer homogeneous but textured due to a wetting
layer and 3D crystallites, we performed a polarization analysis on a
pixel-by-pixel basis. In addition, we evaluated the phase shift φ0
introduced in Eq. (6). Thus, we were able to generate polarization-
dependent data down to the resolution limit of the PEEM. To
compensate for unavoidable thermal drift due to different heating
of the sample by s- and by p-polarized light, the PEEM image se-
quence was carefully aligned using the ImageJ plug-in Image Sta-
bilize [26]. We restricted the correction to rigid displacements in
the lateral plane and excluded explicitly any rotation or
distortions.
Using Eq. (6) to ﬁt the polarization dependence of the electron
yield in each pixel for all images of a full rotation of the polarizer is
very time consuming, as each image contains about 106 pixels. To
speed up the process we used the fast Fourier transform (FFT) and
thus obtained the phase shift as tan Im FFT /Re FFT0
1( )φ = ( ) ( )− . Here
Im FFT( ) denotes the imaginary and Re FFT( ) the real part of the
Fourier transform of the local electron yield EY as a function of the
rotation angle φ of the polarizer of an individual pixel in the image
stack. As might be expected, the phase angle φ0 differs for dif-
ferent orientations of the crystallites (Fig. 6). However, the differ-
ence in the phase angle for the three selected crystallites is much
smaller than one might hope. Although the crystallites and hence
their molecular orientations clearly differ by E60°, the phase shift
φ0 is only of the order of a few degrees. An FFT analysis of the
Fig. 6. (a) PEEM image of α-6T grown on the Ag(111) surface at 365 K with unpolarized light. The image was the result of averaging all images of a polarization-dependent
measurement. The ﬁeld of view is 150 m≈ μ . (b) The small images show the phase shift φ0 for the two regions of interest labeled A and B. The phase shift data for a third
region of interest, labeled C, is shown in Fig. 7.
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Fig. 7. Histogram of the phase shift φ0 for the region of interest C in Fig. 6. This
region contains just the wetting layer of α-6T on the Ag(111) surface. The inset
shows the phase shift image with optimized contrast.
T. Wagner et al. / Ultramicroscopy 159 (2015) 464–469468entire image conﬁrmed that this phase shift is systematic and not
a random error.
As shown in Fig. 6, the phase shift φ0 obviously depends on the
local crystalline structure of the sample, which can be explained
by the local optical and electronic anisotropy of the surface.
The histogram of the phase shift for a region of interest located
exclusively on the wetting layer shows also a contrast which can
be attributed to the different alignment of the molecules in dif-
ferent domains in the wetting layer (Fig. 7). In fact, three rational
equivalent domains were identiﬁed by scanning tunneling mi-
croscopy (STM) reﬂecting the symmetry of the underlying Ag(111)
substrate [27]. In the wetting layer, α-6T molecules are aligned
with their long axis along the 110¯ directions. The local phase
shift in the wetting layer (see Fig. 7) ranges from 1.5° to þ1.5°.
There is a clear lateral correlation, and the histogram of the phase
shift can be ﬁtted by three Gaussian peaks. The overall distribution
of the molecular orientations of the α-6T molecules on the Ag(111)
surface results from the competition between molecule–substrate
and molecule–molecule interactions. In particular, defects such as
steps introduced by a tiny miscut of the crystal may result in
preferred orientation of the molecules in one of the threeotherwise equivalent 110¯ directions.
Again, the magnitude of the phase shift is much smaller than
its physical origin, namely, the orientation of the molecules on the
surface. This can be rationalized as follows: The uniaxial molecular
orientation within a given domain gives rise to an optical aniso-
tropy [28] such that the transmittance of the light possessing
through the organic layer depends on the domain orientation.
Therefore, the local intensity of the light responsible for the ex-
citation of the photoelectrons in the substrate is affected by the
domain orientation of the organic ﬁlm directly on top of it.
However, a single organic layer typically alternates the light in-
tensity by only a percent or so [29]. Consequently, the maximum
rotation of the polarization of the light due to the dichroism of the
α-6T wetting layer consisting of 2 molecular layers will also be in
the percent range, i.e., of the order of 1%. This is indeed what is
observed for the phase shifts in Fig. 6.4. Summary and conclusion
We have studied the growth of α-6T on Ag(111) surfaces by
photo emission electron microscopy (PEEM). Linearly polarized
light was used before, during, and after the deposition of the or-
ganic thin ﬁlm to obtain additional information to the work
function and the related topographic contrast of the PEEM. Upon
deposition of the molecules on a Ag(111) surface, a decrease in the
anisotropy of the electron yield was observed. The molecules
themselves did not emit photoelectrons in the given experimental
setup, but acted as dichroic ﬁlters for the incident light. The phase
shift φ0 of the polarization-dependent electron yield can be cor-
related with a preferred orientation of the molecules on the
sample resulting in a local anisotropy of the sample. Our results
demonstrate that employing polarized light adds a powerful new
contrast mechanism to PEEM which makes it sensitive to the or-
ientation of organic molecules.Acknowledgment
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